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INTRODUCTION
In the last decades, many photogrammetric mapping procedures were developed to promptly get reliable information from images. Together, airborne and orbital sensors were optimized to work with same objectives. Following these goals, lidar and digital camera integration are, nowadays, a powerful procedure to produce earth spatial information. Within this context, orthoimage production is a mapping procedure vastly applied by many photogrammetric companies in the world. However, to perform this procedure three basic datasets are necessary: a digital terrain model (DTM), which is conveniently extracted from lidar dataset via filter algorithms (for more details, consult Kraus and Pfeifer, 2001, Sithole and Vosseman, 2004) , a set of interior orientation parameters (IOP) of the digital camera, determined via camera calibration procedure (more information can be found in Fraser, 1997 , Habib et al., 2006 and Mitishita, et al., 2010 and a set of exterior orientation parameters (EOP) of the images within the same lidar frame.
Two main usual methods are applied to get EOPs within the lidar reference system. When the camera is not connected with the GNSS-Inertial system, an indirect georeferencing is performed to compute the image EOPs via aerotriangulation. In this scenario, which is the most studied, lidar data can be used as a source of photogrammetric control and different procedures were proposed to extract control for photogrammetric triangulation. Habib et al. (2004) and Habib et al. (2005) used three-dimensional straight lines for the registration of photogrammetric and lidar data. A line is computed from the lidar dataset by intersecting two planar patches that are previously defined by least-square adjustment. Ghanma (2006 Ghanma ( ), habib et al. (2007 and Shin et al. (2007) used lidar planar patches as a source of control for photogrammetric georeferencing. In these studies, a planar patch was defined by 3D raw lidar points that lie on the specific ground region (e. g., roof tops). Mitishita et al. (2008) used control points computed from the centroid of a rectangular roof that was easily found in images and in laser 3D point clouds. A set of lidar points that lie on the rectangular roof top are previously selected to perform the 3D lidar coordinates of the centroid. Mitishita et al. (2011) used distinct control points computed via lidar dataset. In this study the horizontal and vertical coordinates are extracted by interpolation procedure using the intensity image and lidar point cloud. The second procedure, when the digital camera is connected with the GNSS-Inertial systems, a Direct Georeferencing is applied. However, to perform this process, a system calibration is frequently required to refine the boresight misalignment and position offsets present in the system, due to the inexactnesses of the parameters used to connect distinct reference frame present in each sensor. More details about this methodology can be found in Brzezinska (1999), Cramer et al. (2000) , Cramer (2003) and Yastikll and Jacobsen (2005) .
An alternated procedure can be used when the images and lidar surveys are performed together. In this scenario a mix of two methodologies explained before can be used to extract the EOP within lidar frame. The main condition is to have the digital camera physically connected to the lidar system, allowing the record of the instant the images are taken, within the GNSS-IMU trajectory. After that, in a post processing using GNSS-IMU dataset, the coordinates of the camera station's position (Xs, Ys, Zs) are calculated. Finally, using these coordinates as a constraint in a photogrammetric bundle adjustment, the image orientation parameters are computed.
In this paper, the coordinates of the camera station's position, computed from the last methodology, are used as a control point to perform aerotriangulation procedures. Two groups of the experiments are evaluated. In the first, the IOP set from an "independent calibration" was considered to perform the aerotriangulation process. In the second, the aerotriangulation experiments are performed via a system calibration. The experiments are conducted to evaluate the obtained accuracies from the aerotriangulation processes with variation of four layouts of ground control points.
The following four sections contain information about the camera used in this research, procedures applied to connect the camera to lidar system and the camera calibrations results. Finally, in the last sections, the obtained results from the performed experiments are shown and discussed, as well as the conclusions and recommendations for future work.
USED CAMERA
The Kodak pro DCS-14n Single Lens Reflex (SLR) digital camera, mounted with 35 mm Nikon lens was used to carry out this research. The CMOS sensor has 14 million effective pixels. The type is 2/3" with the size: diagonal equal 43 mm; width equal 36 mm and height equal 24 mm. The pixel size is 0.0079 mm. The images used on this research have 4500 x 3000 pixels.
CAMERA AND LIDAR SYSTEM CONECTION
Optech Airbone Laser Scanner ALTM 2050 was the lidar system used in this research. The camera was installed on the same lidar platform, allowing the use of the angular positions of the laser sensor as initial values to compute the images orientation parameters. An acrylic box was specially built to fix the camera in the lidar platform. The Figure 1 shows these arrangements.
The camera is physically connected with the lidar system via RS232 serial cable to register, along the GNSS-IMU trajectory, the instants that the images are taken. Using post-processing techniques, the GNSS-IMU trajectory is calculated; inside this trajectory the positions and orientation of the sensor mirror are determined for the instants the images were taken. The lever arm was determined via topographic survey. The coordinates are shown in table 1. Using equations 1, the coordinates of the camera station can be computed. Due to the values of the roll and pitch rotation of the sensor mirror are close to zero, an approximated equations 2, 3 and 4 were used in this work. More details about the camera-and-lidar connection can be found in Martins, 2010 .
0.180 0.007 -0.074 0.007 Table 1 . Lever arm coordinates and their standard deviations. 
CAMERA CALIBRATION
Two different types of IOP set are used to perform the experiments proposed in this research. The first set was computed via a bundle adjustment self-calibration using a 2D testfield. In this calibration, the camera was removed from the aircraft to take a set of convergent images of the 2D testfield. The sixty target images were measured by manual monocular procedure. The self-calibration was performed using half of pixel (0.00395 mm) for the standard deviation of the image coordinates, and one millimeter for the standard deviation of the targets' coordinates on the object space. The main results from the performed calibration, named as "independent calibration", are shown in Table 2 . (c)= Principal distance; (x p , y p )= Coordinates of principal point; (k 1 , K 2 )= Radial lens distortion; (σ)= Standard deviation. Table 2 . The interior orientation parameters (IOP) computed in the "independent calibration that were significant on the variancecovariance matrix.
INDEPENDENT CALIBRATION
The second type of IOP set is computed via "system calibration". The aerotriangulation experiments used an aerial image block with twenty-three images acquired in two strips (almost coincident with opposite flight directionsapproximately West-East and East-West). The flight height was close to 1,000 meters, resulting in a ground sample distance (GSD) close to 23 centimeters. The image block has forty-seven signalized control points and one hundred and fifty-three natural photogrammetric tie points. All signalized control points have 3D coordinates determined via precise GPS survey. Four layouts of control and check points are used to perform the system calibration experiments. In addition, the 3D coordinates of the camera station's positions, computed via camera and lidar system integration, were used to minimize the correlation between a group of interior and exterior orientation parameters. The bundle adjustment selfcalibrations were performed, using half of pixel (0.00395 mm) for the standard deviation of the image coordinates and one centimeter for the standard deviation of the ground coordinates of the control points and camera station's positions. The value of one centimeter was the estimated precision of the GPS 3D coordinates of the control points and camera station's positions. This procedure was considered, in this work, as "system calibration" to estimate the IOP set within the same work circumstances. The four IOP sets and theirs precisions that were computed in the system calibration experiments are shown in Table 3 . More details about these calibrations can be found in Mitishita et al., 2010 . (c)= Principal distance; (x p , y p )= Coordinates of principal point; (k 1 , K 2 )= Radial lens distortion; (σ)= Standard deviation. Table 3 . The interior orientation parameters (IOP) computed in the "system calibration" that were significant on the variancecovariance matrix.
SYSTEM CALIBRATION

AEROTRIANGULATION
The aerotriangulation experiments performed in this research can be separated in two groups. In the first, before the bundle adjustment procedure, the IOP set from an "independent calibration" was used to correct the measurements from the principal point displacement and the radial lens distortion. In the second, the IOP set is computed via bundle adjustment with self-calibration (system calibration). In both groups of the experiments, four configurations layout of ground control points were used. The first layout has only one ground control point located in the center of images block. The second has five control points, one in the center with four control points, positioned in each one of four corners of images block. In the third, eight control points were geometrically positioned in the image block. Finally, thirtyeight ground control points were positioned around the images block. In every performed experiment, the signalized points that remained in the images block were considered as check points to perform the accuracies study. In this study, the 3D survey coordinates of the check points are compared with their coordinates computed in the aerotriangulation experiments. The aerotriangulation experiments used the 3D coordinates of the camera stations, computed from the proposed methodology, as control points. Considering the least square adjustment performed in the eight experiments, one centimeter was the value adopted for the standard deviation of the 3D coordinates of the camera station and 3D ground coordinates of the control points. Half of one pixel (0.00395 mm) was the value adopted for the standard deviation of the image coordinates. The obtained precisions from the residuals analysis performed in the eight experiments are shown in Table 4 , and the main results from the accuracies study performed using check points are shown in Table 5 . Table 5 . Main results of the discrepancies analysis performed in the experiments with aerotriangulation and system calibration Considering the results showed in Table 4 , the values of the root mean square errors that were computed by the measurements residuals from the four bundle adjustment experiments via "system calibration" are smaller than those that were computed in the aerotriangulation experiments using IOP set from "independent calibration". Despite the different variation, the measurement residuals were increased when the number of control points was enlarged. The aerotriangulation experiments performed with IOP from "independent calibration" produced biggest residuals. The better values of obtained precisions from the aerotriangulation with on the job calibration are expected because the procedure has the means to model the inaccuracies in the parameters involved. In contrast, if the measurements precisions, adopted in the bundle adjustment experiments (0.5 pixel for image measurement and 1 cm for X, Y, and Z coordinates of control points and camera stations), are considered, the obtained precision from the experiments can be admitted as admissible. The residuals in image coordinates and residuals of 3D coordinates of control points and camera station's positions have values of root mean square errors lower than the expected values in all performed experiments. On the other hand, when the check point study was performed, the obtained results from experiments (showed in Table 5) demonstrated that the obtained planimetric and vertical accuracies from two groups of experiments are different.
RESIDUALS ANALYSIS
The values of 0.23 and 0.60 are the expected planimetric and vertical accuracies used in this study. These values are used as references to verify the obtained accuracies from the performed experiments. They were computed by the average flight height, the average baseline, the image pixel size and the focal length.
Considering the results showed in Table 5 , the obtained accuracies from the aerotriangulation experiments with "system calibration" are better than the expected values of planimetric and vertical accuracies adopted in this work. The accuracies are very similar even though different configurations of control points are used. As can be seen in Table 3 , very similar IOP sets are computed from different layout of control points, even though the layout with one control point positioned in the center of images block is used. In view of the obtained accuracies from the four aerotriangulation with "system calibration" experiments and the slight variability between their accuracies values, the experiment that used the layout of only one control point can be considered as the best procedure to perform the aerotriangulation of the image block tested in this research.
On the other hand, when the aerotriangulation supported by camera station's position was performed without the "system calibration", the obtained accuracies from the experiments performed did not have the same behavior as those that resulted from aerotriangulation with system calibration. In this scenario, the experiment using only one ground control point produced the worst planimetric accuracy. The root mean square errors from planimetric discrepancies are approximately four times greater than the expected planimetric accuracy (0.23 m). However, using other configuration layouts with more ground control points, the planimetric accuracy was improved. For example, the experiment, using layout with five ground control points, produced values of the root mean square errors of the planimetric discrepancies below 0.23 m but the planimetric accuracy is worse than that was produced in the experiments, using aerotriangulation with "system calibration". On the other hand, the vertical accuracies from the performed experiments have different behavior. All of the performed experiments with four layouts of control points produced similar vertical accuracies. However, the obtained values are bigger than the value of the expected vertical accuracy, even though the layout with thirty-eight control point positioned in the images block is used. The obtained results from experiments in this scenario indicate that, for the bundle adjustment aerotriangulation without "system calibration" used in this research, the vertical accuracy is much more dependent of the accuracy of IOP set than the planimetric accuracy.
The experiments performed in this research demonstrated that the bundle adjustment aerotriangulation supported by the camera station coordinates requires a "system calibration" to increase planimetric and vertical accuracies in object point determination. Due to the high correlation, when a typical images block is used, with a group of interior and exterior parameters (Xo,Yo,Zo -camera station position versus (c, xo,yo) -focal length and principal point coordinates), the "system calibration" is able to refine some imprecision in system parameters, such as lever arms, photogrammetric refraction, focal length variation. However, the obtained results are highly correlated with the accuracies of GNSS/INS trajectory.
CONCLUSION AND RECOMMENDATION FOR FUTURE WORK
The aerotriangulation supported by camera station coordinates computed via physical integration of lidar and digital SLR camera has been studied and discussed. Two groups of the experiments were used to perform the bundle adjustment aerotriangulation with four different control point layouts. In the first, the IOP set from an "independent calibration" was considered to perform the aerotriangulation process. In the second, the aerotriangulation experiments are performed via a system calibration. The 3D coordinates of camera station position, computed from the camera and lidar systems integration, were used, as control points, in all experiments performed. One aerial image block with twentythree images in two strips was captured by a Kodak DCS Pro 14n digital SLR. It was used to perform the proposed experiments. Considering the obtained results from the performed experiments, the following conclusions were drawn:
The aerotriangulation with the "system calibration" was a fundamental procedure to perform the bundle adjustment aerotriangulation supported by 3D coordinates of the camera station's position. Accurate IOP values were the requirement to increase the horizontal and vertical precisions of the object point determination. Within this configuration, only one ground control point was enough to perform the bundle adjustment aerotriangulation with the "system calibration". The planimetric and vertical accuracies were approximately equal in the experiments performed with four layouts of the ground control points.
The aerotriangulation experiments, using IOP set from the "independent calibration", did not yield good results when only one ground control points was used. The planimetric and vertical accuracies that were obtained from this control point layout did not attain the tolerances adopted in this research. On the other hand, when the number of ground control points was increased, the planimetric accuracy increased too. In the experiment that used eight ground control points, the root mean square errors of the planimetric discrepancies are close to those computed in the same experiment that uses aerotriangulation with the "system calibration". However, within this scenario, the vertical results did not change in the three experiments performed; the obtained results were worse and did not attain the vertical tolerance adopted in this research. These results attest that, for the methodology of bundle adjustment aerotriangulation used in this research, the vertical accuracy is much more dependent of the quality of IOP set than the planimetric accuracy.
The results from the aerotriangulation without "system calibration" can misrepresent the real accuracies of 3D coordinates of the object point determination. As can be seen in Table 4 , the values of the root mean square errors of the image coordinate residuals and ground coordinate residuals, from the performed experiments, can be considered as acceptable, when they are compared with the precision adopted for the measurements in the bundle adjustment (0.5 pixel for images coordinates; 1 cm for coordinates of the control point and position of the camera station). Therefore, if only these parameters are considered for the mentioned experiments, the final results can be unacceptable because the horizontal and vertical accuracies do not validate them.
Future work will concentrate on a verification of the quality and performance of the IOP set from "system calibration". It will be used to perform the bundle adjustment aerotriangulation supported by 3D coordinates of the camera station's position, using image blocks captured in different scales, flight orientations and epoch. Additionally, the study to compute images orientation via the values of orientation of the sensor mirror will be conducted.
